The conversion of solar energy into clean chemical energy has attracted much attention in recent years, due to the fossil fuel crisis and the emission of greenhouse gases[@b1][@b2]. Photobiological H~2~ production via cyanobacteria is an important strategy for converting solar energy into renewable and sustainable energy[@b3][@b4][@b5]; however, a major obstacle in the production of renewable bioenergy from cyanobacteria is its relatively low light energy conversion efficiency (LCE). The theoretical maximal LCE of photosynthesis in cyanobacteria is reported to be approximately 11%[@b6]. However, the LCE for renewable energy production has always been relatively low because most of the converted solar energy is stored as biomass[@b7]. For example, the LCE for microalgal H~2~ is 0.042% and 0.075% for *Anabaena* sp. strain PCC 7120 (henceforth referred to as *Anabaena* 7120) and *Chlamydomonas reinhardtii* respectively[@b8][@b9][@b10]. In these microalgal cells, the electron pathway for hydrogen production is strictly oxygen sensitive, and most of the electrons from water photolysis were utilized to assimilate CO~2~ and produce biomass[@b6][@b7]. Converting the light energy stored in microalgal biomass into renewable energy is a promising strategy for a new source of bioenergy.

Unfortunately, biomass harvest is still a technical bottleneck for microalgae-driven solar energy conversion[@b11][@b12]. Many strategies have been attempted for the efficient harvest of the biomass, such as centrifugation, filtration, and flocculation[@b11][@b13]. But each one of these harvesting methods are also energy-intensive and expensive[@b14]. Bio-flocculation has been utilized successfully in recent years to obtain microalgae sedimentation[@b15], but the recovery of sentimental cells is still a time consuming and costly process. Dissolved air flotation (DAF) is considered to be the primary technology of choice for harvesting of microalgal biomass due to its high efficiency and relatively lower energy consumption compare to centrifugation[@b16][@b17][@b18]. However, some of the chemical coagulators used in DAF created additional problems, such as excess cost and pollution to the environment[@b15][@b19]. Furthermore, the operational cost of the DAF unit is still high because of the enormous energy required to achieve the necessary air compression of 390 kPa (56 psig)[@b20][@b21]. Therefore, an auto-floating system without the need of coagulants and compressed air will be a promising strategy for an economical and environmental friendly method to harvest microalgae.

Two key features are essential for an auto-floating system. One required element is the ability to auto-flocculate and sediment, and the other is the ability of the microalgae to produce an adequate amount of gas to enable floatation. The heterocyst-containing N~2~-fixing cyanobacterium *Anabaena* 7120 is a photoautotrophic microalga that assimilates CO~2~ from the atmosphere in order to grow. This microalga has a marked flocculation activity attributed to its filamentous cellular structure and excretion of mucilage[@b22][@b23]. Using sunlight as its only source of energy, *Anabaena* can generate H~2~ gas under anaerobic conditions[@b24][@b25][@b26]. Photobiological H~2~ production of *Anabaena* 7120 occurs both in vegetative cells and heterocysts. Research has shown that this photobiological activity is mainly catalysed by nitrogenase in the heterocysts[@b27][@b28][@b29].

In this study, auto-flotation of *Anabaena* 7120 was induced by stimulating photobiological H~2~ production though inhibition of photosynthetic O~2~ evolution. The relationship between the amount of H~2~ production and biomass weight was determined by quantification analysis. Following the auto-floating harvest process, an anaerobic digestion of the separated cellular biomass was performed to convert its stored solar energy to H~2~ and CH~4~, contributing to a high total LCE value for clean energy production.

Results
=======

*Anabaena* 7120 rapidly self-flocculated in standing culture
------------------------------------------------------------

We investigated the self-flocculation ability of *Anabaena* 7120 and compared it with two other representative photo-H~2~ producing microalgae, the green alga *Chlamydomonas reinhardtii* and the cyanobacterium *Synechocystis* sp. PCC 6803. As clearly shown in [figure 1](#f1){ref-type="fig"}, unlike the unicellular microalgae *Chlamydomonas* and *Synechocystis*, the algal biomass of the *Anabaena* culture aggregated and flocculated rapidly. The culture of *Anabaena* 7120 settled completely in just 2 hours.

H~2~ production was significantly enhanced in DCMU-treated samples
------------------------------------------------------------------

H~2~ gas can be used as a clean and renewable energy, and also act as an effective force to provide buoyancy for flotation of the microalgal biomass. *Anabaena* 7120 can produce H~2~ gas under N-starved conditions by using solar light as the energy resource. Previous reports have shown that O~2~ is the major inhibitor in the production of photosynthetic H~2~ in N~2~-fixing cyanobacteria[@b30][@b31]. Anaerobic conditions induce H~2~ production within *Anabaena* 7120 but the amount of H~2~ produced under these conditions was quite low. As shown in [table 1](#t1){ref-type="table"}, the highest rate obtained by our laboratory was 1.26 μmol of H~2~ per mg of chlorophyll *a* per hour (per mg Chl *a*.h). Moreover, as seen in [Supplementary Fig. S1a](#s1){ref-type="supplementary-material"}, O~2~ gas (red line) and H~2~ gas (blue line) were produced simultaneously in the culture. These results corresponded to previous research results presented in *Anabaena cylindrica*[@b24][@b32]. Although both O~2~ and H~2~ evolved in *Anabaena* 7120, O~2~ is only produced in vegetative cells. The increase of O~2~ content (see [Supplementary Fig. S1a](#s1){ref-type="supplementary-material"}) revealed the active photochemical function of photosystem II (PSII). As shown in [Supplementary Fig. S1b](#s1){ref-type="supplementary-material"}, O~2~ evolution activity of PSII was quite high in the early stage of H~2~ production (0--12 h).

To prevent O~2~ evolution, diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea; DCMU), an obligate inhibitor of PSII was added to *Anabaena* 7120 cultures ([Fig. 2a](#f2){ref-type="fig"}). The results showed that the O~2~ evolution in the *Anabaena* cells was inhibited by 60% of the original level with the addition of 0.05 μM DCMU, and a 100% suppression was achieved when treated with 1.0 μM DCMU. To investigate the effects of 1.0 μM DCMU on the photochemical properties of PSII, the effective photochemical quantum yield of PSII in dark-adapted samples ([Fig. 2b](#f2){ref-type="fig"}) and the electron transport rate of PSII (ETR II) ([Fig. 2c](#f2){ref-type="fig"}) were also analyzed. These data revealed that the photochemical activity of the PSII reaction center was almost completely suppressed and that electron transfer in PSII was significantly blocked from 26.25 ± 0.65 to 1.25 ± 0.15 μmol electrons m^−2^s^−1^. Therefore, a 1.0 μM concentration of DCMU efficiently interrupted photosynthetic O~2~ evolution in the *Anabaena* 7120 cells.

To determine the photobiological H~2~ production in *Anabaena* 7120 treated with 1.0 μM DCMU, the treated cells were grown with illumination at 100 μE m^−2^ s^−1^. As shown in [figure 3](#f3){ref-type="fig"}, the H~2~ production increased drastically in DCMU-treated cultures and maintained a relative high level for more than 120 hours under continues illumination. Hydrogen production in untreated and treated cells is presented in [table 1](#t1){ref-type="table"}. DCMU-treated cultures accumulated H~2~ about 200 folds more and around 10 times faster. These results demonstrated that under illumination, *Anabaena* 7120 cells produced a high rate of H~2~ in the absence of O~2~.

Microalgal biomass automatically floated with high level of H~2~
----------------------------------------------------------------

From [figure 1](#f1){ref-type="fig"}, *Anabaena* 7120 self-flocculated rapidly in standing culture. The flocculated microalgal biomass cluster treated with DCMU was observed floating within 12 hours ([Fig. 4a](#f4){ref-type="fig"}). The relationship between H~2~ accumulation and the amount of floating biomass were investigated ([Fig. 4b](#f4){ref-type="fig"}). Under our experimental conditions, 0.72--1.10 μmol of H~2~ per mg of dry weight microalgal biomass was necessary for the biomass to float. Thus, auto-flotation occurred with a relatively high level of H~2~. Additional evidence was provided by the observation that the auto-floating process was disrupted when H~2~ production ceased under dark or anaerobic conditions ([Fig. 4c](#f4){ref-type="fig"}). Together, these results demonstrated that auto-flotation of the biomass was a process that depended on a high level of hydrogen. The floating microalgae biomass was harvested at an efficiency of 91.71% ± 1.22.

Heterocyst was required for high level of H~2~ production and self-flotation
----------------------------------------------------------------------------

In untreated *Anabaena* 7120 cells, heterocysts are the major contributors to photobiological H~2~ production, however their contribution is unclear in DCMU-treated cultures[@b31][@b33]. Because heterocysts differentiation in *Anabaena* 7120 is dependent on nitrogen starvation, the H~2~ production of 1.0 μM DCMU-treated cultures under BG-II (−N) and BG-II (+N) media conditions were evaluated and compared ([Fig. 5](#f5){ref-type="fig"}). Forty mL *Anabaena* 7120 cultures in the logarithmic growth phase were treated with DCMU. During a 120-hour period, H~2~ accumulation in DCMU-treated cultures grown in BG-II (−N) containing heterocysts increased significantly from 0.42 μmol to 77 μmol ([Fig. 5a](#f5){ref-type="fig"}). In contrast, DCMU-treated cultures grown in BG-II (+N) without heterocysts accumulated only baseline volume of H~2~ gas (0.08 μmol in untreated cells and 0.06 μmol in DCMU-treated cells) shown in [figure 5b](#f5){ref-type="fig"}. To determine whether the high level of H~2~ production and auto-flotation was dependent on heterocyst in BG-II (−N) medium, we tested the H~2~ production and flotation feature of a heterocyst differentiation deficient mutant AMC-100 (published as LW1) in which the *nifHDK* promoter was deleted from the chromosome[@b34]. AMC-100 was grown in BG-II (+N) medium and then induced for photobiological H~2~ production in BG-II (−N) medium with 1.0 μM DCMU. As shown in [figure 6](#f6){ref-type="fig"}, the photobiological H~2~ production is quite low in AMC-100 culture and no self-flotation occurred. These results strongly suggested that heterocysts were required for the high rate and sustained photobiological H~2~ production in 1.0 μM DCMU-treated cultures. Also shown in [Supplementary Fig. S2](#s1){ref-type="supplementary-material"}, other important filamentous cyanobacteria that differentiate into heterocysts also exhibited this auto-floating capacity when treated with DCMU. The flotation behaviours revealed in [figure 6](#f6){ref-type="fig"} and [Supplementary Fig. S2](#s1){ref-type="supplementary-material"} indicated that heterocyst differentiation is an important component for a microalgal self-flotation harvesting system.

The harvested microalgal biomass was further converted into H~2~ and CH~4~ by anaerobic digestion
-------------------------------------------------------------------------------------------------

During high levels of photobiological H~2~ production, the microalgal biomass was separated from liquid media via the auto-floating process ([Fig. 4](#f4){ref-type="fig"}). The microalgal biomass was anaerobically digested to produce biogas (H~2~ and CH~4~) by waste anaerobic sludge. As shown, the harvested microalgal biomass further degraded into biogases, yielding 266.3 mL biogas per g of dry weight ([Fig. 7](#f7){ref-type="fig"}). The LCE for direct photobiological H~2~ production in *Anabaena* 7120 cells increased to as high as 1.18% with DCMU addition. Furthermore, the conversion of the auto-floating microalgal biomass increased the LCE of the whole system to a maximum value of 4.77% and an average value of 3.79%, shown in [table 2](#t2){ref-type="table"}.

Discussion
==========

For most species of microalgae, much of the solar energy consumed during photosynthesis is converted and stored as cellular biomass[@b6][@b7]. Thus, only a fraction of the converted solar energy is available for photobiological H~2~ production by microalgae. H~2~ and CH~4~ gas produced in microalgal anaerobic digestion is a type of bioenergy that can be readily used. Sulphur-deprived *Chlamydomonas* and nitrogen-deprived *Cyanothece*, as unicellular microalgae, have shown high levels of photobiological H~2~ production under the proper conditions[@b35][@b36]. However, the separation and harvest of the biomass from these species of microalgae is quite difficult and expensive due to the low specific gravity of the individual cells keeping the cells suspended in culture[@b16][@b37]. Furthermore, the LCE for H~2~ production in most species of cyanobacteria is relatively low, i.e., below 1%[@b8][@b9]. Compared with unicellular microalgae, flocculation is more likely to occur naturally in *Anabaena* 7120 cultures due to its filamentous cell structure and excretion of mucilage. [Figure 1](#f1){ref-type="fig"} revealed that a standing culture of *Anabaena* 7120 flocculated and settled automatically in a very short time period (approximately 60 min). This fast self-flocculation activity provides a significant advantage in the creation of an auto-floating system for the efficient and economic harvest of microalgal biomass. According to the requirements of an auto-floating system, as mentioned above, microalgae floated if an adequate amount of H~2~ gas was also produced.

In this study, a high level of photobiological H~2~ production in heterocysts was stimulated and sustained by the inhibition of O~2~ production in the microalgal cells. Previous research had shown that any trace of O~2~ ceased the anaerobiosis induced nitrogenase activity[@b38]. Even though heterocysts already have low O~2~ concentration, the strict anaerobic intracellular condition resulting from DCMU treatment was essential. The same conclusion was drawn in an *Anabaena* strain in which nitrogenase activity within the anaerobic heterocysts was suppressed significantly by exposing to a trace amount of O~2~[@b38]. Argon gas and DCMU induced strict anaerobiosis is the most likely explanation for the high level of photo-H~2~ production in *Anabaena* 7120. We also investigated the possible reason for such a stimulated long stage of H~2~ production in 1.0 μM DCMU treated cells. As the major carbohydrate storage in N~2~-fixing cyanobacteria, glycogen can provide nitrogenase energy and reducing power for N~2~ fixation and H~2~ production[@b36]. As shown in [Supplementary Fig. S3a](#s1){ref-type="supplementary-material"}, the accumulated glycogen was consumed in DCMU treated *Anabaena* 7120 cells during the H~2~ production period. In addition, the increase in nitrogenase (NifH) expression suggested that more electrons and reductants from glycogen were transferred to nitrogenase for proton reduction and H~2~ gas evolving (see [Supplementary Fig. S3b](#s1){ref-type="supplementary-material"}).

As a PSII photochemical inhibitor, DCMU addition is an effective strategy to inhibit O~2~ evolution and improve the long stage H~2~ production in *Anabaena* cultures used in this study. However, DCMU utilization may bring some environmental concerns as well. Metal ion inducible gene expression systems, such as Cu and Ni, could also be chosen as a possible alternative strategy for repression of PSII activity and increase photoautotrophic H~2~ production in microalgae[@b39]. The protein such as Nac2 which is required for stable expression of the core polypeptide of PSII could be a possible target[@b39]. Beside the metal ions, some environmental factors (light intensity, O~2~ level and CO~2~ concentration) inducible gene systems also had been reported in microalgae[@b40][@b41][@b42][@b43], which would eliminate the use of environmentally hazardous inducers.

As shown, *Anabaena* 7120 cells auto-flocculated rapidly and the high level of H~2~ gas evolution from the heterocysts induced flotation of the flocculated microalgal biomass. Harvesting efficiency of over 90% was achieved by using this method. This auto-floating system of the filamentous cyanobacterium provided an economical and environmental friendly strategy for microalgal biomass harvests. Moreover, some auto-flocculating microalgae have been utilized successfully to sediment un-flocculating microalgae[@b15]. The former research revealed that the sedimentation rate of the un-flocculating microalgae was increased considerably when mixed with auto-flocculating microalgae, leading to a higher recovery percentage. Referring to the recent bio-flocculation research of Salim *et al*.[@b15], such an auto-floating system has the potential to be widely used for harvesting of the un-flocculating microalgae, such as the unicellular microalga *Chlorella*.

The LCE for photosynthesis can reach a theoretical maximum of 11% in cyanobacteria, while the LCE for direct photobiological H~2~ production is always less than 0.1% in *Anabaena* 7120. By the auto-floating harvest strategy, the further conversion of microalgal biomass into clean bioenergy can become a promising bioenergy resource with a relatively high LCE. The bioenergy obtained by this auto-floating system can be calculated in two steps: the H~2~ gas energy produced during the first stage and the biogas produced in the second stage ([Table 2](#t2){ref-type="table"}).

During the first stage, photobiological H~2~ was produced from the heterocysts. At the second stage, the microalgal biomass was separated from the auto-floating system and further converted by anaerobic digestion into clean energy as H~2~ and CH~4~. The auto-floating process combines effective algal photobiological H~2~ production and residual microalgal biomass digestion for the production of clean energy. The LCE of this couple system for biofuel production from solar energy was obtained with an average value of 3.79%. Moreover, it avoids costly energy-consuming processes, such as centrifugation and filtration, to harvest the microalgal biomass[@b44]. The LCE for direct photobiological H~2~ production increased to an average value of 3.79%.

Photobiological H~2~ production in cyanobacteria can be further increased through genetic engineering or by optimization of growth factors[@b8][@b29][@b45]. In addition, strategies to improve clean energy production from the accumulated microalgal biomass continued to be explored[@b46]. Based on the auto-floating process described here, commercial applications can be developed for the future production of clean energy from microalgae.

Methods
=======

Species and growth conditions
-----------------------------

Filamentous cyanobacteria *Anabaena* 7120 (FACHB-418), *Anabaena variabilis* (FACHB-319) and *Anabaena cylindrica* (FACHB-1038) were purchased from the Institute of Hydrobiology, Chinese Academy of Sciences. The *nifHDK* operon promoter mutant AMC-100 was provided by Professor Jame W. Golden. The unicellular cyanobacterium *Synechocystis* 6803 and green alga *Chlamydomonas reinhardtii* CC503 were kind gifts from Professor Quanxi Wang. Microalgal cells were cultured at 30°C in BG-II media (with or without nitrogen)[@b47] and buffered with Tris-HCl (5 mM, pH 8.0). The liquid culture was bubbled with 2--3% (v/v) CO~2~ in air under continuous illumination by fluorescent lamps (30 μE m^−2^s^−1^).

Determination of cell density and chlorophyll *a* content
---------------------------------------------------------

The cell density was calculated using light absorption at 730 nm (A~730~) in a UV-Vis mini-1240 spectrophotometer (SHIMADZU, Kyoto, Japan) with a 3 mL cuvette and an optical path of 1 cm. Chlorophyll *a* (Chl *a*) content was measured as previously described[@b48]. In summary, *Anabaena* 7120 cells (1.5 mL) were collected by centrifugation and washed twice with 1 mL of fresh BG-II medium. The supernatant was discarded after centrifugation; 1.5 mL of methyl alcohol was added to the cell pellet; and the mixture was incubated at 4°C for 6--14 h. The supernatant was then collected by centrifugation and absorbance at 665 nm (*A*~665~) was measured. The concentration of Chl *a* (μg mL^−1^) was calculated as 13.9 × *A*~665~[@b49].

Sample preparation for photobiological H~2~ production
------------------------------------------------------

*Anabaena* 7120 cells were cultured in 0.5 L BG-II (−N) medium for 5 days (*A*~730~ = 0.8--1.0) and were transferred to 60 mL glass tubes (leaving 20 mL of head space). DCMU was added to the cultures for a final concentration of 1.0 μM. The tubes were sparged with Ar gas for 2 minutes to eliminate the air in the samples and then sealed with rubber stoppers. The samples were incubated at 30°C under continuous illumination by fluorescent lamps (100 μE m^−2^ s^−1^) to induce photobiological H~2~ production. The incubated samples were then subjected to H~2~ and O~2~ assays at specific time points.

Biogas production
-----------------

After the *Anabaena* 7120 microalgal biomass finished producing photobiological H~2~, it was collected and transferred to the biogas incubator and monitoring system for sludge-based anaerobically digested biogas production. Substrate fermentation was conducted in batch tests as follows: 100 mL biogas batch fermenters were filled with 5.0 g of anaerobic sludge from a mesophilic anaerobic digester in the Gaobeidian Sewage Treatment Plant in Beijing, China. The substrate was equivalent to 9.0 g of wet microalgal biomass per test. It was loaded and the fermenters were then sealed with rubber septa and incubated in a 37°C water bath for dynamic monitoring of biogases production. The incubation and monitoring process were performed in the Automatic Methane Potential Test System (AMPTS) II (Bioprocess Control Sweden AB, Lund, Sweden). The seeding sludge contained 10.8% total solids (TS) and 5.57% volatile solids (VS).

Gas analysis
------------

To measure the amount of photobiological H~2~ production and O~2~ evolution from the samples, 500 μL of gas was withdrawn at predetermined time intervals from the bottles with a gas-tight syringe and injected into a gas chromatograph equipped with a thermal conductivity detector (TCD). The column was a 5 Å molecular sieve column (2 m × 1/8 mm), which could assay H~2~, O~2~ and N~2~ simultaneously. Highly pure argon gas (≥99.999%) was used as the carrier gas at a flow rate of 21 mL per minute, which was based on the effective separation and assay of the gas mixture in our samples.

To measure the amount of dark fermentative biogas production, the volume of evolved gas was monitored every 24 hours by AMPTS II. The measured volume was then converted to a volume of gas at standard temperature and pressure using the Ideal Gas Law. The methane content of the biogas was analysed every day using a SP-6890A gas chromatograph, (Lu Nan Analytic Instruments Co., Ltd., Shandong, China) equipped with a TCD. A 1.83 m column was packed with Porapak Q (50/80 mesh). The operating temperatures of the column, injector port and the detector were 90°C, 40°C and 50°C, respectively. Ar gas was used as the carrier gas at a flow rate of 30 mL per minute. A standard gas mixture which was composed of 15.0% H~2~, 60.1% CH~4~ and 19.9% CO~2~ was used to calibrate the system. The H~2~ and CH~4~ contents were multiplied by the production of biogas.

Confocal laser scanning microscopic (LSM) analysis
--------------------------------------------------

Following the details of methods described in previous studies[@b50][@b51][@b52], the *Anabaena* 7120 filamentous cells grown in BG-II (−N) and BG-II (+N) were sampled for morphological vegetative cell and heterocyst analysis and examined using a Zeiss LSM 710 confocal microscope (Carl Zeiss Microscopy GmbH., Oberkochen, Germany). Bright field and auto fluorescence (exited at 488 nm) micrographs were captured to illustrate the visible differences between the microalgal cells with and without heterocysts.

PSII activity analysis
----------------------

The PSII activity was determined using the benzoquinone (BQ) photosynthetic evolution rate of O~2~ and the quantum yield efficiency, which detected the changes in chlorophyll fluorescence. Photosynthetic O~2~ evolution was measured at 25°C (Hansatech Instruments, Ltd., Norfolk, England) with a Clark-type oxygen electrode, according to the method described by Mi *et al*. (1995)[@b53]. Cells (2 mL) were collected from the sample tube and injected into the reaction chamber, followed by suspension in BQ, to a final concentration of 10 μM. The intensity of the action light (AL) used to measure photosynthetic O~2~ evolution was 800 μE m^−2^ s^−1^. Changes in chlorophyll fluorescence were measured using a pulse amplitude modulated (PAM) chlorophyll fluorometer (Heinz Walz GmbH., Effeltrich, Germany) and an emitter-detector-cuvette assembly (ED-101US; Heinz Walz GmbH) with a unit 101ED, as described elsewhere[@b54][@b55][@b56]. To detect a visible change between the PSII activity of the treated and untreated cells, the quantum yield of PSII was detected by a new pulse-amplitude modulated imaging system that measures active fluorescence (Heinz Walz GmbH., Germany), which is described in detail elsewhere[@b57][@b58].

Calculation of light energy conversion efficiency (LCE)
-------------------------------------------------------

The LCE of the whole conversion process consists of two steps: direct photobiological H~2~ production and the anaerobic digestion of microalgal biomass for biogas production. The LCE of step 1 was determined based on the supplied light energy during the H~2~-producing phase; the LCE of step 2 was based on the supplied light energy during the cell growth of the biomass accumulation phase. The efficiency of each step was calculated according to the following equation: In full expression the equation is in form: where ΔG^°^~H~2~~ and ΔG^°^~CH~4~~ are the standard Gibbs energy for the energy storage reaction generating H~2~ (237200 J mol^−1^ at 297 K) and CH~4~ (890310 J mol^−1^ at 297 K) respectively, R~H~2~~ and R~CH~4~~ are the amounts of accumulated H~2~ and CH~4~ gas respectively, *E*s is light energy radiation, and *A* is the illumination area[@b59][@b60].
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![Compared analysis of auto-flocculation process of *Anabaena*, *Chlamydomonas* and *Synechocystis*.\
Cells in logarithmic phase (A~730~ = 0.8--1.0) were equally divided into 60 mL glass tubes. Duplicate tubes of each strain were sampled for the analysis. The self-flocculation of the culture was monitored by taking photographs at the indicated time points.](srep03998-f1){#f1}

![Photosystem II (PSII) activity assays using O~2~ evolution rate measurements and chlorophyll fluorescence analyses.\
Cells in the logarithmic phase (A~730~: 0.8--1.0) were treated with DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) for 10 minutes prior to the analysis. (a) Photosynthetic O~2~ evolution rates of the *Anabaena* 7120 cells were analysed after treatment with DCMU using various concentrations ranging from 0.005 μM to 5.0 μM. BQ was supplemented as an electron acceptor at a final concentration of 2.0 μM. The O~2~ evolution rate of untreated (0 μM DCMU) cells was set as 100%. (b, c) The photochemical activity of PSII was represented as the change in chlorophyll fluorescence between untreated cells and 1.0 μM DCMU-treated cells. All of the tested samples were adjusted to 20 μg of chlorophyll per mL to measure their fluorescence. The images of fluorescence detected a visible decline in the quantum yield of PSII in DCMU-treated cells, which was detected by Imaging-PAM (see the Methods section). During this experiment, the ethanol-treated cells were added as a control because ethanol was used as a solvent for the DCMU treatment experiments. Error bars indicate s.d. values calculated from the average of triplicate experiments.](srep03998-f2){#f2}

![Photobiological H~2~ production in DCMU-treated cells under anaerobic conditions with continuous illumination.\
The tested cells were equally divided into 60 mL glass tubes and then sealed with rubber stoppers after being sparged with argon gas. All of the samples were incubated in a 30°C culture box with 100 μE·m^−2^·s^−1^ illumination. The H~2~ content in the untreated samples and the DCMU-treated samples was then measured by a GC system at specific time points. Compared to the untreated cells (red symbol and line), H~2~ accumulation in the DCMU-treated samples increased quickly and lasted more than 120 hours. The 0 hour, 3 hour, 6 hour, 12 hour and 24 hour time points were recorded as the early phase, and after the 24 hour point, the H~2~ accumulation was recorded every 24 hours. Error bars indicate s.d. values calculated from the average of triplicate experiments.](srep03998-f3){#f3}

![Auto-flotation induced in DCMU treated cells.\
Logarithmic growth cells were used for the assay. (a) The monitoring of microalgal biomass auto-flotation during the photobiological H~2~ production of DCMU-treated samples. The 0, 3, 6, 12 and 24 hour time points were recorded as the early phase, and after the 24 hour time point the H~2~ accumulation was recorded every 24 hours. (b) The analysis of the quantitative relation between H~2~ accumulation and the amount of auto-floated algal biomass. Cells in various concentrations (A~730~ = 0.6--1.2) were sampled for analysis. Auto-flotation occurred between 12--24 h after treated by 1.0 μM DCMU in anaerobic conditions in these sealed tubes with various amount of algal biomass. After measurement of H~2~ accumulation in tubes, the floated biomass was immediately transferred for dry weight analysis. (c) The analysis of the relationship between H~2~ production (c~1~) and auto-flotation of biomass (c~2~). Each group of cells at the 120 hour time point (DCMU-treated samples under argon with light, under argon in the dark and under air with light, respectively) were recorded and compared. Error bars indicate the s.d. values that were calculated from the average of triplicate experiments.](srep03998-f4){#f4}

![Morphological and physiological investigation of the relationship between heterocyst development and photobiological H~2~ production in *Anabaena* 7120 cells.\
Cells in the logarithmic growth phase were used for the assay. (a1--a3) A confocal microscopy image of the *Anabaena* 7120 cells grown in BG-II (−N) medium showed normal development of heterocysts. (b1--b3) The confocal microscopy image shows *Anabaena* 7120 cells grown in BG-II (+N) medium without heterocysts. The cells were immobilised with 1% (w/v) agar in BG-II (−N) medium before observation and graphic analysis. A number of heterocysts (white arrows) were observed at the frequencies between 1/10 to 1/20 (heterocyst/vegetative cell). a1, b1-a bright field micrograph of the cells; a2, b2- an auto fluorescence (exited at 488 nm) micrograph of the cells; a3, b3-a combined micrograph of the cells. (a4) Physiological analysis of the photobiological H~2~ accumulation in *Anabaena* 7120 cells with normal heterocysts. (b4) Physiological analysis of the photobiological H~2~ accumulation in *Anabaena* 7120 cells without heterocysts.](srep03998-f5){#f5}

![Characterization of photo-H~2~ production and auto-flotation of wild type *Anabaena* 7120 and the heterocyst deficient mutant AMC-100.\
The AMC-100 strain was grown in non-diazotrophic BG-II (+N) medium. The logarithmic phase cells were than washed and suspended in BG-II (−N) medium and treated by 1.0 μM DCMU. The accumulated H~2~ gas in the sample tubes was detected after 24 h of treatment. Error bars indicate the s.d. values that were calculated from the average of triplicate experiments.](srep03998-f6){#f6}

![Biogas production from the microalgal biomass substrate after photobiological H~2~ production.\
(a) The detected total biogas volume of the blank sample and the sample with algal biomass as a substrate. (b) The gas composition (H~2~ and CH~4~) analysis during the anaerobic digestion stage. Error bars indicate the s.d. values that were calculated from the average of triplicate experiments.](srep03998-f7){#f7}

###### The rates and accumulation of H~2~ production in untreated cells and DCMU treated cells of *Anabaena* 7120

  Sample                Accumulated H~2~ (μmol) [1](#t1-fn1){ref-type="fn"}   Maximal rate (μmol/mg Chl.*a*/h)
  -------------------- ----------------------------------------------------- ----------------------------------
  Untreated cells                           0.42 ± 0.03                                     1.26
  DCMU treated cells                       77.41 ± 7.36                                    11.58

1, The data is the average value of triplicate biological texts of sample tubes containing 40 mL new *Anabaena* 7120 cell cultures (*A*~730~ = 0.8--1.0), and all samples were illuminated for 120 hours to produce H~2~.

###### The LCE calculation of the two stages and the whole process

  Stage                              light energy absorption (J)   Energy production (J)     LCE (%)
  --------------------------------- ----------------------------- ----------------------- -------------
  Algae growth                                79619.48                    ------             ------
  Photobiological H~2~ production              2948.87                 18.36 ± 1.75        0.62 ± 0.06
  Anaerobic dark digestion                     ------                3112.77 ± 631.47        ------
  Couple process                              82568.35               3131.13 ± 631.50      3.79 ± 0.76
